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SUMMARY

This report documents an experimental and numerical study of the

aerodynamic behavior of three-dimensional, subsonic wind tunnel inlets.

The purpose of the study was to develop a rational procedure for the

aerodynamic design of high contraction ratio, subsonic wind tunnel

inlets. Of particular concern were those factors associated with the

inlet design which would influence the use of smoke flow visualization

techniques.

This three-phased study included the following tasks:

(1) the development and assessment of aerodynamic calculation

techniques suitable for subsonic wind tunnel inlet flow-field

predictions. Both a surface panel technique and a finite

difference field solution were developed.

(2) the design and fabrication of an indraft tunnel inlet which

could be used to visualize the flow within the inlet.

Measurement of field velocities, wall pressure and turbulence

within the inlet for correlation with the prediction

techniques.

(3) the development of design criteria based on the numerical

prediction techniques for three-dimensional inlets with

contractions ratios in a range of 10-40. Four basic

parameters were used to characterize the inlet flow fields and

a series of design charts are presented for matched cubic uall

geometries.
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SECTION I

INTRODUCTION

There has been surprisingly little effort expended by the

aeronautical engineering community towards the aerodynamic design of one

of their most valuable tools, the wind tunnel. To quote from Bradshaw

and Pankhurst (Ref 1), "Wind tunnel design lies somewhere between an art

and a science, with occasional excursions into propitiatory magic."

This is not to say that most current wind tunnel facilities are not

well-designed, or operate in a less than satisfactory manner, but on

occasion the development of these facilities has been a painful trial

and error procedure.

There are two good reasons for this current state of affairs.

First, the aerodynamics of the wind tunnel itself are quite complex.

There have been numerous studies directed at inlet, fan and diffuser

design as well as techniques developed for turning and conditioning the

flow in a wind tunnel. Each of these areas address some of the most

challenging of current problems in fluid mechanics such as three-

dimensional flows, unsteady and separating boundary layers and the

structure and management of turbulence. These are all very

sophisticated problems which will present challenges to aerodynamicists
.q

for years to come. A second, more subtle reason, is that often the

facility designer is somewhat inexperienced with the many phases of

tunnel design since most organizations do not regularly design and

fabricate wind tunnels. The designer, therefore, must often rely on

other's experience and proven methods and for that reason there has been

little revolution, and only a minor amount of evolution, in tunnel

V-



design in recent years. (The authors wish to stress this is not

universally true. There have been numerous significant advances in

tunnel designs, particularly in the areas of high speed, or high

Reynolds number facilities. The authors' comments are directed towards

.. the class of "conventional," subsonic tunnels.)

This report is directed toward aspects of the aerodynamic design of

high contraction ratio, subsonic wind tunnel inlets. Any future

reference in the report to inlets will be with regard to subsonic wind

tunnels unless explicitly stated otherwise. The report documents a

number of tasks whose goal was to better understand those factors which

influence the inlet performance and to develop a rational procedure

whereby a designer could arrive at a reasonable design of a subsonic

wind tunnel inlet. As will be discussed in depth later in the report,

the emphasis was on three-dimensional inlets whose contraction ratio

(entrance to exit area ratio) was greater than 10. Inlets of this size

are generally referred to as high contraction ratio inlets and are found

on many types of subsonic tunnel designs.

Wind Tunnel Inlets

The purpose of the wind tunnel inlet is to align and accelerate the

fluid into the test section so that proper and controllable test

conditions can be generated. The contraction section is often

considered in conjunction with any flow conditioning devices such as

screens, gauze or honeycomb. Both the conditioning devices and the area

reduction associated with the contraction have significant influence on

the flow within the wind tunnel. They must be considered independently

OS

since their effects are quite different. The management of spatial and

% 2
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temporal irregularities in the flow field, both small scale (turbulence)

and large scale (swirl) and the elimination of such irregularities are

influenced in part by the inlet design.

Before discussing the role of the inlet in the tunnel performance,

some attention must be directed toward the type and purpose of the wind

tunnel facility. There are two basic types of subsonic wind tunnels,

the open-circuit type and the closed-circuit type. These may range in

size from the table top demonstration tunnel to the largest of the

government and industry facilities. A more complete description of the

" .; types as well as details on other aspects of the tunnel design can be

%found in Reference 1.

The function of the inlet in each type of tunnel is somewhat

different. In the indraft tunnel (open circuit with fan downstream of

test section), the air is entrained from the region around the inlet and

therefore, can be influenced by wind, objects, motion, etc. in the

vicinity of the entrance to the inlet. Some of these factors can be

controlled and some cannot. The inlet serves the purpose of aligning

and accelerating the air and it must be able to cope with various types

of upstream conditions. This is often accomplished through the use of

various flow management devices but the aerodynamics of the inlet, the

surrounding fluid and the flow management devices are closely coupled.

The contraction ratios on this type of tunnel are usually rather high

with some recent designs using contractions as high as 150(2).

The inlet on the blowdown tunnel (i.p., an open circuit tunnel with

the fan upstream of the inlet and test section) and on the closed

circuit tunnel encounters different inflow conditions. The disturbances

3W1%"-
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created by the fan, diffuser, turning vanes and all other hardware that

is upstream of the inlet are present at the entrance to the inlet. The

inlet is not intended to eliminate these disturbances and in certain

cases can actually amplify their influence. There are numerous studies

associated with the influence of area contractions on the development or

decay of grid or isotropic turbulence (3-6) but in all cases these have

dealt with cases in which the scale of the turbulence was much smaller

than the scale of the region of the flow. The effect of the inlet on

the large scale disturbances is still a matter for future research.

Inlet design on all subsonic facilities must be approached from the

point of view that a well designed inlet will not compensate for

problems associated with other sections of the tunnel but an

inadequately designed inlet can create significant problems and degrade

the tunnel performance. The impact of the influence of the inlet design

on overall tunnel performance seems to vary with both the type of

facility and with personal experience. Opinions seem to range from

those who believe that almost any inlet contour which is "reasonable"

will perform in an adequate fashion, (and obviously the term reasonable

is very experience oriented) to the comments made in Reference 10 in

which the authors state, "the contraction is perhaps the most critical

of the various subsections from the design point of view."

Prior to a more detailed discussion of some aspects of the physics

of the flow in wind tunnel contraction sections, it is useful to

consider how the inlet design influences or is influenced by the overall

facility design. The tunnel design will most likely start with

decisions relative to the type of testing and the size of the test

4
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section which will be required for certain types of models. Since

subsonic tunnels often deal with scale model flight vehicles, the

matching of important scaling parameters, such as Reynolds number, will

influence the size and maximum speeds required in the test section. The

selection of tunnel type, either open or closed circuit, is often

dictated by the type of testing to be conducted, power requirements and,

quite often, by the overall size of the facility. It is not unlikely

for the overall length and width of a wind tunnel to be an order of

magnitude greater than the respective length, width and height of the

test section. It is at this point where the inlet begins to influence

the basic design of a tunnel. The selection of the inlet contraction

ratio, where typically bigger is considered better, will significantly

influence the overall size of the tunnel as well as set performance

A parameters, such as velocities in the plenum or stilling chambers, and

subsequent power requirements. The remaining inlet parameters which

must then be determined are length, cross-sectional geometry and

finally, wall contour. How does the selection of these parameters

influence the tunnel performance? Before this can be determined one

needs to establish what inlet parameters influence the wind tunnel

performance characteristics and which of the inlet parameters are most

important.

The primary function of the inlet is to modify the velocity within

the tunnel through a reduction in cross-sectional area. In a subsonic

wind tunnel inlet, the presence of the contraction is felt both upstream

e .. and downstream of the inlet. Consider the case of a closed circuit
'p

tunnel with a plenum of constant cross-sectional area upstream of the

-. 5



inlet. In the plenum, the desired situation is for uniform, low

velocity flow. This is where screens and honeycomb are located so that

low velocities are required to maintain small pressure drops across the

screens and thus minimize power requirements. The fluid in the center

of the section "senses" the upcoming area reduction and begins to

accelerate. In order to satisfy conservation of mass, the flow near

* the walls decelerates in the constant or even mildly decreasing area

region near the entrance to the inlet. The resulting decrease in

velocity brings about an adverse pressure gradient along the walls and

particularly in the corners of the inlet. The boundary layer developing

along the walls is then subjected to an adverse pressure gradient and,

depending upon the velocity distribution in the boundary layer and theS-p.

strength of the adverse pressure gradient, separation may occur. The

separation car result in unsteady free shear layers and recirculating

regions which can effectively alter the geometry of the inlet. This

type of inlet separation can be intermittent and thus bring about

significant unsteadiness in the test section.

As the flow continues to accelerate into the inlet, the fluid near

the wall encounters large convex curvature and, near the exit plane of

the inlet, the velocity along the wall can become greater than the mean

exit velocity. This fluid near the wall must then be decelerated as it

V enters the test section which brings about another region of adverse

. .pressure gradient and provides another opportunity for boundary layer

separation. These problems are increased in three-dimensional inlets

where the streamwise curvature in the corner region is greater than the

OP
curvature along either of the walls themselves. The magnitude of the

6
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adverse pressure gradients can be reduced by lengthening the contraction

but this leads to increased boundary layer growth, reduced boundary

layer stability and increased tunnel size and cost.

The nonuniformity of the velocit, near the entrance plane of the

inlet also creates difficulty with respect to the design and function

of the screens and honeycomb upstream of the inlet. Nonuniformity at the

exit plane influences the length of the test section and possibly the

allowable model locations. The inlet is often characterized by a length

to height (L/H) or a length to effective diameter (L/D) ratio. This

ratio has shown to have an influence on the turbulence reduction

associated with both the screens and the inlet. Some of the other

problems which must be considered when designing the inlet are:

(1) influence on the acoustic environment within the tunnel;

(2) the development of longitudinal (Goertler) vortices within the

regions of concave curvature;

(3) the influence of changing cross sectional geometry (i.e.

circular to rectangular, square to hexagonal, etc.) on the

wall boundary layer.

Each of these will be influenced by the inlet design. Currently there

is little information available which can be directly applied by the

facility designer, whereby the influence of these effects on the

performance of a particular facility can be predicted. Probably the

typical situation is one in which the designer "hopes" such effects will

not be significant and if problems arise subsequent to the construction

of the facility, he must then resort to a number of traditional fixes.

As a part of the research program documented in this report, a

7
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survey of users and designers of wind tunnel facilities was conducted.

This survey was distributed through the member organizations of the

Subsonic Aerodynamic Testing Association (SATA) and the Supersonic

Tunnel Association (STA). Although the survey and its results will not

be presented in detail within this report, the responses to the survey

were extremely helpful in developing certain aspects of the research

program, as well as indicating a strong interest in the development of

improved design techniques. The authors have taken the liberty of

attempting to summarize some of the survey comments without reference to

particular opinions of individuals or organizations. The survey was

directed towards techniques used in the inlet design and problems

encountered in facility development related to the inlet.

Many different techniques have been used to design the inlets for

the subsonic tunnels in use today. These techniques range from

"sketching" a smooth curve to detailed three dimensional flow field

calculations and extensive model and prototype testing. There appears

to be no concensus as to the "best" methods available. Later in the

report a brief overview of some of the analytic techniques which have

been used will be discussed, but in almost all cases mentioned in the

survey responses, the results of an analysis were tempered by the

experience of the designer.

The influence of the inlet on the overall facility design was

obviously dependent upon the experience of the particular user.

Numerous organizations had encountered no "problems" in the operation of

their facility. Some, often those with older facilities, knew little of

their tunnel's inlet characteristics and were pleased with the

8
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performance of their tunnels. Others, particularly those who had made

very detailed measurements of test section flow quality such as

steadiness, uniformity and angularity were more concerned about the

possible influence of the inlet on these characteristics. When

turbulence levels were of primary concern, much more emphasis was given

to the contraction design. Often the concern was directed towards the

three dimensional boundary layer development within the inlet. The

-* . extreme cases were those experienced by designers, who after completion

N." I of a facility, were forced to redesign and rebuild an inlet in order to

correct performance problems. The dominant problems were those

associated with large scale separation within the inlet and the

resulting unsteadiness and velocity nonuniformity within the test

section. One final item resulting from an evaluation of the survey

responses, indicated a lack of experimental data available on wind

4, tunnel inlet performance.

These responses were prepared by users of a wide range of

facilities, from automotive tunnels to detailed calibration facilities.

This diversity in application resulted in the diversity of responses.

The purpose of this study, though general in its focus on the

development of methods for predicting inlet flow fields, was specific

with regard to the class of special wind tunnels for which the methods

were to be applied. There has been significant effort at the University

of Notre Dame over the last forty years directed towards the development

of facilities and techniques for smoke flow visualization (2, 11, 12).

The work of Brown, and the success and failures of others who have

developed smoke visualization tunnels, has demonstrated the importance

9



of the inlet design for this special class of subsonic wind tunnels.

The most successful type of smoke visualization in use today utilizes

C the indraft subsonic wind tunnel with a high contraction ratio (=O)

inlet and numerous turbulenze management devices. The smoke is generated

c tside of the tunnel and introduced upstream of the inlet in the region

of very low velocity flow. Other techniques in other types of tunnels,

such as the smoke-wires or smoke wands are much more limited with

resuect to their applicability due to limitations on speed,

interference effects and smoke quantity. In the past few years, there

has been a renewed interest in the use of smoke visualization for many

different aerodynamics applications.(14 "15) This interest has brought

*t. about the design and fabrication of a number of new facilities. Most

current flow visualization tunnels are relatively small in scale with

test sections on the order of 2' x 2'. There is interest in extending

these techniques to significantly larger facilities (16) as well as to

much higher velocities.(2) For these larger facilities, the designer

must be much more sensitive to the inlet design. Larger contraction

ratios result in larger overall facilities and associated installation

and operation costs. More importantly, the larger the tunnel, the

longer the residence time of the smoke filaments in the inlets. These

smoke filaments are then allowed to diffuse or be disturbed for a longer

period of time and this increases the difficulty associated with

introducing coherent smoke streaklines into the desired locations within

the test section. The design criteria related to the inlet on a smoke

visualization tunnel are, therefore, different and often more demanding

than those for other types of facilities. The effects of the inlet and

10- ... .
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the turbulence management devices on an indraft tunnel are not easily

separated. Although this report will focus on the inlet design, this

fact must be recognized.

The designer eventually needs to be able to establish a set of

criteria to guide his design decisions as well as a method for

quantifying those criteria. Terms such as adequate, good, reasonable,

etc. are typically useless in the design process. The following are

the criteria upon which inlet designs can be based:

1. Size

a) Height

b) Width

c) Length

2. Quality of Flow

a) Steadiness

b) Uniformity

c) Angularity

d) Turbulence level and content

e) Susceptibility to separation

f) Boindary layer growth

g) Maintain coherent smoke streaklines (*Special facility

requirement)

3. Cost

4. Ease of construction

The geometric criteria (height, length, width) are easily quantified and

upper bounds on allowable values are often set by the buildings which

will house the facility. The question of "how small?" then becomes

11
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critical and will have an influence on cost and manufacturing.

The criteria associated with flow quality are more complex. They

are related to the size and in some cases can be quantified in the form

of velocity profiles, turbulence intensities and spectra and pressure

distributions. There are actually only a few parameters which the

designer can select from to achieve these design criteria. They are:

a) Contraction ratio

b) Cross-sectional geometry

c) Length

d) Wall contour

With so few parameters to select, it appears as if it should be a

rather straightforward problem. Unfortunately there exists no direct

- correspondence between each of the design parameters and the design

. criteria. Two methods which have been used in the past involve a

direct and an indirect approach. The indirect approach involves the

definition of certain flow field parameters, most commonly the axial

velocity distribution, and an attempt is made to determine the wall

contour required to yield that velocity field. Depending upon the way

in which the velocity field is defined there may or may not be a

contour which provides satisfactory results. The direct approach

involves the selection of a contour and then the subsequent

determination of the flow field parameters. Such a method could be

repeated until an acceptable design is achieved with respect to the

selected criteria. A problem occurs in that there is an infinite

number of possible cross sectional shapes and wall contours which could

describe the geometry of the walls between the entrance and exit of the

12
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inlet. The obvious solution is to select a particular family of wall

contours, for which there are a reasonable number of parameters which

describe the contour and then limit the inlet design to this family.

This is the procedure adopted in this report. It is therefore limited

by the suitability of the selected family of contours as well as by the

ability to include and quantify all the appropriate design criteria.

PROJECT OVERVIEW

The goals of the research documented in this report were threefold.

The phases of the study were: (I) identify a suitable aerodynamic

*prediction technique for analyzing the flow in fully three dimensional

wind tunnel inlets; (II) design and fabricate a three-dimensional inlet

to provide a "data point" for evaluation of the analysis methods as well

as a facility for studying the physics of the inlet flow field; and

(IIl) using the most appropriate prediction procedure, identified in

-'. .4 Phase I and verified in Phase II, to develop a rational design procedure

for a family of three-dimensional inlets. The following sections of the

report discuss the results of each of these phases. Specific details of

.'. both the analysis methods and experimental procedures are not included

because conventional techniques were used, and the methods are detailed

in the appropriate references. The purpose of this effort was not so

much to develop new analysis procedures or techniques, but to apply

existing methods to enhance the understanding of an important

engineering problem. Although the stated objective is to help define

specific design guidelines for subsonic, three-dimensional wind tunnel

inlets, it is recognized that the work only represents a small

contribution to the further understanding of this complex design

process.

13
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SECTION II

INLET FLOW FIELD ANAYLSIS

In order to develop an aerodynamic design of an inlet for a

specific wind tunnel application, one would like to be able to predict

the performance of the inlet and be able to evaluate that performance

against a set of defined criteria. There are a number of current

aerodynamic prediction methods which appear suitable for fully three

dimensional, subsonic wind tunnel inlets. Two of these methods were

evaluated as a part of this research program. Computer programs were

developed using both a source panel, distributed singularity approach

and a finite difference potential flow solution of Laplace's equation

for inlets of arbitrary rectangular cross sections.

This section will discuss in a brief overview some earlier analytic

work related to wind tunnel inlet aerodynamics and describe the

application of the two methods to a particular family of inlet

geometries. Both methods are discussed in some detail since each

presents certain promise for use in future studies. The finite

difference procedure was eventually selected for use in the development

of the design data which will be presented in Section IV. The relative

advantages of each approach will be presented in the discussion. It

should be noted that these methods are not new, their applicability to

this type of flow field has been demonstrated in the past but they

have not been used to systematically study the parameters which

influence the inlet flow fields.

14
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Previous Work

The aerodynamic design of wind tunnel contraction cones has evolved

over the years as somewhat of an inexact science. Around 1940 the first

" serious attempts were made at developing methods for the design of wind

" * tunnel inlets. Much of the work at that time focused on solving the

equation for incompressible, inviscid, and irrotational flow (i.e. the

two-dimensional or axisymmetric form of the Laplace equation). The

general solution method was to specify a centerline velocity

distribution in terms of axial distance x' and then find a solution for

the stream function in series form C1). Tsien was the first to publish

work based on this design philosophy (.7) He proposed the design of an

axisymmetric contraction with a monotonically increasing axial velocity.

Szczeniowski solved the Stokes-Beltrami equation using a different axial

velocity distribution. The resulting streamlines turned out to be

functions of Bessel functions (18) In a similar method, natchelor and

Shaw examined the theoretical flow through an axisymmetric contraction

by using a relaxation method for solving the governing differential

equation (19) They were particularly interested in minimizing the

adverse pressure gradients which occur in the inlet and exit regions of

a contraction.

At about this same time Smith and Wang proposed an interesting

technique for the design of a two-dimensional or axisymmetric

contraction cone with a high degree of exit flow uniformity (20) They

made use of the exact analogy between the magnetic field that is created

by two coaxial and parallel coils carrying electric current and the

velocity field that is created by two corresponding ring vortices.

15



4Several of the inlets that are in current use at the Notre Dame

Aerospace Laboratory were designed using Smith and Wang's technique.

These large, three -dimensional inlets were constructed by joining

together walls with the same Smith and Wang two-dimensional wall

contour. These inlets have proven very successful in providing the test

section flow quality necessary for smoke flow visualization though

there are problems in using smoke near walls or in corner regions of

these tunnels

Very few papers on wind tunnel contraction design were written in

the ensuing years. It was not until the mid-70's that interest in

contraction design was renewed. Recently several independent pieces of

work have been published on the problem of inlet design with the aid of

large scale computing machinery. These current works have attempted.to

overcome some of the deficiences of the earlier work by adding more

practical constraints to the inlet flow solutions. Many of the earlier

design methods assumed potential flow in contractions of infinite

length and gave little attention to real flow phenomena such as boundary

layer growth along the inlet walls.

In one of the more recent works, Chmielewski specified a streamwise

acceleration distribution. He used two parameters to choose the

shortest contraction that avoided boundary layer separation. His two-

dimensional study carried contraction design methodology beyond that of

S.. previous investigations by including a quantitative consideration of

boundary layer behavior (21)

Borger used a polynomial of the fifth degree to describe the

contraction contour. The coefficients of the polynomial were chosen to

16
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produce the minimum length contraction that avoids boundary layer

separation at both the inlet and exit and provides uniform flow at the

exit plane. Borger's design calls for a slight expansion at the exit to

improve exit flow uniformity (22)

The work of Mikhail and Rainbird was based on the hypothesis that

it is possible to control the wall pressure development and the flow

nonuniformity by controlling the wall curvature distribution. By

optimizing this distribution, a short contraction can be used that keeps

both the adverse pressure gradients and flow non-uniformity within

tolerable ranges. They considered the optimum contraction to be the

shortest one that satisfied specified flow quality requirements in the

test section (23)

The papers by Chmielewski, Borger, and Mikhail and Rainbird have

presented more reasonable requirements on exit flow uniformity and the

influence of the boundary layer on the inlet flow field. Two of the

more significant of these later works, however, are those of Morel

(24,25) Morel also viewed design as a search for the optimum wall

shape leading to the minimum nozzle length required for a given purpose.

He formulated a set of design criteria to judge flow qualities. Morel

felt, like most other designers, that obtaining exit flow unifority

and avoiding separation were the two primary goals of the contraction

design. In addition, he specified minimum contraction length and

minimum exit boundary layer thickness as secondary goals to be

satisfied. This set of criteria was used by Morel to develop his

practical design technique.

Morel's two-dimensional and axisymmetric design methods are based

17
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on the results of numerical solutions which were incorporated into a set

of design charts which could be used in actual design studies. The

contraction contours are formed by two cubic arcs joined at a common

point called the match point. This match point is the single parameter

used in defining Morel's family of wall shapes. The design charts are

used to determine the required contraction length and the position of

the match point in terms of allowable pressure coefficients used to

indicate the susceptibility of the inlet to boundary layer separation.

These pressure coefficients are determined by boundary layer and flow

uniformity requirements. The match point, the contraction ratio, and

the contraction inlet height are the three values needed to completely

define the geometry of one of the matched cubic inlets.

All of the methods that have been reviewed have dealt with the

design of two-dimensional or axisymmetric contraction cones. In

reality, however, most practical inlets are three-dimensional with

square or rectangular cross-sections. Expanding a two-dimensional

design technique to account for three-dimensional flow effects in wind

-" tunnel contractions has proven to be a dificult task, even with today's

advanced computing capabilities. The most significant problems in

three-dimensional inlets with non-circular cross sections occur in the

corner regions. Tn contractions of polygonal cross-sections, severe

secondary flows can exist in the boundary layer near the corners. Even

if such crossflows can be avoided, as in a "two-dimensional"

". contraction, the boundary layers in corner regions will be more

susceptible to separation than the boundary layers near planes of

symmetry (25)

18
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To compromise between the difficulties of the construction of

axisymmetric inlets and the undesirable boundary layer effects in the

corners of rectangular contractions, some contractions have been built

with octagonal cross-sections .26). For design purposes, it was assumed

that both the potential flow and the boundary layer behave as in a

contraction of circular cross-section. This design philosophy, however,

is only a compromise. What is needed is a methodology for the design of

three-dimensional contractions, regardless of cross-sectional shape.

The underlying purpose of the current study was to work towards this

goal by carrying out a combined analytical and experimental

investigation to evaluate the performance of three-dimensional wind

tunnel inlets.

Source Panel Method

The method of source panels is a surface paneling technique whereby

the given body is replaced by a series of "source panels." These panels

consist of a continuous distribution of uniform sources. Once the body

is "paneled," a set of linear simultaneous equations is established by

applying boundary conditions on each panel. From these equations the

unknown source strength for each panel can be determined.

There are three reasons for choosing the method of source panels

to calculate the flow-fields in wind tunnel inlets. First, panel

methods have long been known to be very successful in modeling complex

external flows, such as the flow about an entire airplane. Second, the

method of source panels is well-suited to modeling arbitrary geometries.

Finally, the boundary conditions associated with the source panel method

are easy to apply. Even the boundary conditions at the entrance plane
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for the indraft inlet can be modeled with relative ease.

There are disadvantages to the source panel method as applied to

internal flows. The computer time required is not always justified by

the quality of the results obtained. Also, there Is the problem of

"leakage" which appears to be unique to internal flow applications of

the source panel method. The term "leakage" is used to describe the

difficulty associated with satisfying the conservation of mass for a

closed boundary, internal flow. The solid wall boundary condition is

only satisfied at a finite number of points along the inlet wall, called

control points which allows for the possibility for fluid to have a

normal component to the wall between control points.

Most of the available literature describing source panel theory is

restricted to external flows (27-31) Few works describe the source

panel method as it is applied to internal flows H less and Smith

(32) provide a detailed account of the theory associated with the source

panel method. They also include a discussion of the internal flow case.

The purpose of the present work was to develop computer codes in

two and three dimensions based on the source panel method (36). These

programs were used to calculate the flow-fields in high contraction

ratio inlets. The two-dimensional code was developed first to obtain

experience In working with the method. The remainder of the work then

focused on the development of the three-dimensional computer code. Once

the programs were developed they were used to determine if the method of

uniform source panels could be accurately applied to internal flows in

wind tunnel inlets, and to establish the limitations of the method.

Application of the program provided insight into the peculiarities of

20
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the method itself, and allowed determination of the accuracy of the

results. The computer program developed here was not used in parametric

studies of design criteria for three-dimensional, high contraction

ratio inlets, for reasons to be discussed later.

It is important to note that there are currently computer codes

available which are significantly more sophisticated than the uniform

" quadrilateral source panel used in this study. Unfortunately these

codes were not available during the study documented in this report and

the results presented in this section are not indicative of the full

capabilities of such paneling methods. Details of the development of

the codes used in this work are presented in Reference 36.

As mentioned both two and three-dimensional programs were developed

using the source panel method. The purpose of the two dimensional

development was to gain experience with the use of panel methods for

internal flow applications. The matched cubic family of wall contour's

was used in both applications. Schematics of matched cubic contours

with definition of some of the basic geometry used in this study are

shown in Figures 1 and 2. The tunnel contours are defined using the

following expressions.

H = He + (Hi - He ) [l - x3 /(x2L3 )1 I)

for x/L _ X

and

H H + (H. - He ) (1 - x/L)3 / (1 - X)2  (2)
e i e

for x/L - X

Constant area sections extend upstream and downstream of the inlet. For

the panel solution, the downstream end of the "test section" was

• .-
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replaced with a series of uniform "sink" panels. These panels were used

to drive the flow (such as done by the uniform flow in an external flow

application). The strengths of the sinks are defined in order to

satisfy uniform flow conditions at the sink panels. The applications of

*+. both programs, with emphasis upon the methods of paneling and

significance of the results will be discussed in the following

- paragraphs.

The two-dimensional program provided information regarding the

flow-field velocities, pressure coefficients, volume flux, and exit flow

angularities for any two-dimensional wind tunnel inlet. The program

input included specification of the inlet contour, the desired exit

velocity, and the panel geometry.

The pressure coefficients are used to identify regions where

adverse presure gradients exist (i.e. regions of possible separation) as

well as regions of flow acceleration. The two-dimensional program was

-' used for the inlets shown in Figures 3 and 4. The plots of the pressure

coefficient versus distance along the inlet centerline are also included

% on these figures. Note that the acceleration along the wall lags the

acceleration at the centerline. Inlet 1 (Figure 3) has a very small

adverse pressure gradient along the wall, as is illustrated by its

smooth pressure coefficient plot. Inlet 2 (Figure 4) illustrates the

effect of paneling sharp concave and convex corners. Near the concave

corncr (x 3.0 inches) in Figure 4, the wall pressure coefficients

increase noticeably in response to the concave corner, whereas the

centerline pressure coeficients continue to decrease uniformly. Near

the convex corner (x 5.0 inches) the wall pressure coefficients

22
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actually "overshoot" and the pressure coefficients become negative. The

centerline pressure coefficients continue to decrease uniformly to the

expected value of zero at the exit of this inlet.

Since the boundary conditions were only enforced at the control

points on each panel there was no guarantee that the normal velocity was

zero at other points on the panel. The net effect was that some of the

flow "leaked" out of the inlet between the control points. The

influence of satisfying the boundary conditions at only the control

points was evaluated by determining if the volume flux through the inlet

remained constant. This was accomplished by choosing two locations in

the inlet and integrating the velocity profile over the cross-sectional

area at each section. Results of such a test revealed that the largest

percent difference between influx and outflux for the two-dimensional

inlets was less than one percent for the inlets tested. This result was

insensitive to the quality of the paneling scheme used, assuming that a

"reasonable" number of panels were used to model the inlet. Between 60

to 200 panels were found to be "reasonable" for the two-dimensional

inlets analyzed here. For the two-dimensional case the leakage problem

was apparently not significant because even a small number of panels

provided good definition of the wall geometry. However, it will be seen

that leakage posed a substantial problem in the three-dimensional

application.

--. An important part of the flow-field in a wind tunnel inlet occurs

in the exit plane, since this is the flow that enters the test section.

The preferred exit flow would be uniform and parallel to the test

section axis. Most wind tunnel tests assume that these conditions
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exist. The program developed here allowed for a detailed analysis of the

flow angularities at the contraction exit. The u- and v-components (x

and y directions, respectively) were known at the exit, allowing the

calculation of the angle which the flow made with the horizontal in the

exit plane. Figure 5 shows the velocity and direction of the flow in

the exit plane of Inlet I (Figure 3).

Figure 5 also serves to illustrate the tendency of the flow to

overspeed following a convex corner. The flow near the walls has a

greater velocity than the flow at the centerline. If a straight channel

(such as a test section) was then attached, the velocity profile would

be expected to become uniform, implying that the velocity along the

walls must decelerate. This velocity reduction would be accompanied by

an adverse pressure gradient and possible separation.

The two-dimensional program described here was merely a foundation

for the three-dimensional program. The two-dimensional program was

effective in demonstrating that the source panel method can be used to

calculate the flow-fields in two-dimensional wind tunnel inlets. The

extension to three-dimensional inlets is considered next.

The extension to three-dimensions, though conceptually straight-

forward, required the development of a completely new code (36). The

paneling schemes and input data definition became much more complex and

though the data definition was simplified by the symmetry of the inlet,

the actual computations were performed for a complete inlet.

Six tests were performed with the three-dimensional program to

determine the effect of the paneling scheme and the accuracy of the

results. The inlet used in these tests was a square cross-section
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inlet whose wall geometry was defined by a matched cubic profile. This

inlet was chosen in conjunction with the experimental investigation of

the same inlet geometry. The six tests were divided into three groups

of two. The first group had a constant x spacing, representing an

inefficient paneling scheme. The second group had a variable x spacing,

with the number of divisions in the x-direction being few. The third
%'

group also had variable x spacing, but in this L ise the number of

divisions was large. The third case represented the most efficient

paneling scheme. The first test in each group had few divisions in the

y and z directions. The second test had more divisions in the y and z

directions, resulting in a more refined paneling scheme. The tests are

summarized in the following table.

PANELING TESTS

" Test # Paneling Scheme Used Number of Panels

- I constant x spacing, few panels 160

2 constant x spacing, many panels 252

3 coarse, variable x spacing, few panels 160

4 coarse, variable x spacing, many panels 252

5 fine, variable x spacing, few panels 372

6 fine, variable x spacing, many panels 704

These tests were selected because they provided a wide range of paneling

schemes with a minimal number of cases. The results for tests 3, 5 and

6 are included in Figures 6-8. The plots are in sets of three for each
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test. The first plot in each set is the paneled first quadrant of the

inlet. The second plot contains the percent leakage in the inlet as a

function of longitudinal distance away from the exit plane. The third

plot shows the pressure coefficients at the wall centerline and the

inlet centerline versus the distance along the inlet centerline. These

results will be discussed in detail below.

Figures 6a-8a show the paneling scheme for half of one face of the

inlet. Only one face is included here because the inlet had a square

cross-section. The paneling on the sink panel was automatically

determined by the paneling of the inlet walls. The panel boundaries for

the walls of the inlet were used as the boundaries for the sink panels.

The panel method is "nominally exact" in that the inlet can be modeled

perfectly if an infinite number of panels (i.e. a continuous

(37)distribution) could be used to represent the inlet surface . Such a

- case would be computationally impossible. The limit is defined by the

capabilities of the computer. There is no absolute maximum number of

panels. The computing time is a function of the number of panels used,

the size of the spacing in the x, y, and z directions when computing the

flow-field velocities, and the accuracy with which the leakage in the

inlet is calculated. Changing any of these variables alters the

computing time. Although 704 panels was the maximum number of panels

used in these tests, it is generally regarded that at least 1600 panels

are needed to sufficiently describe an internal flow (38) This is

comparable to the detail achieved in the two-dimensional case when

approximately 60 panels are used.

For the six tests described above, the sink panel plane was located
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at a distance equal to 100 percent of the length of the inlet away from

the exit plane. Velocities in regions near the sink panels, away from

the control points, were highly irregular. This assumption was then

- analyzed by varying the length to the sink panels from 20 to 100

percent of the inlet's length. The exit plane velocities were then

compared to determine what effect the sink panel plane location had on

.- the exit flow. The results are plotted in Figure 9. This Figure

illustrates the trends in the exit plane velocity with different

distances to the sink panel.

It was expected that the velocities in the exit plane would

converge as the sink panel distance approached infinity. It can be

seen that the velocities for locations in the exit plane up to y <1.609

inches away from the centerline of the inlet were convergent. For

distances greater than this a relative degree of convergence was not

observed until the sink panel location had reached 80 to 100 percent of

the length of the inlet away from the exit plane. Based on these

findings, a distance of greater than 100 percent of the length of the

inlet could be used. The value of 100 percent was adequate for the

present application. It should be noted that the value determined here

may not be absolute. The amount of downstream section required for the

sink panel plane may be dependent upon the geometry of the inlet and the

specific application.

A similar argument to the one for the sink panel plane may be made

with regard to the entrance to the contraction section. The addition of

a straight section upstream of the inlet was investigated. Figure 10

illustrates the effect that adding an upstream channel, with a length
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equal to 100 percent of the inlet length had on the flow velocities in

the entrance plane. These values were compared to the entrance plane

velocities for the case where there is no upstream channel. It can be

seen from the Figure that the upstream section significantly altered the

character of the flow-field near the wall in the entrance plane. The

upstream section did not appreciably alter the flow velocities in the

exit plane, though. The largest deviation in the velocity in the exit

plane was less than 0.1 percent with the addition of the upstream

channel. The six tests were executed without the upstream section.

Again, this result only applies to the inlet used here. Other inlets

" . may require an upstream section.

'-,, If the prediction technique is to provide useful information for

inlet design studies, one must be able to compute accurate wall pressure

distributions for subsequent evaluation of the boundary layer behavior.

Determining detailed wall surface pressures is complicated with the

panel method since the wall boundary conditions are satisfied only at

_I panel control points and must be approximated between control points.

The wall pressure coefficients were determined by extrapolating the

velocity to the wall assuming a linear velocity distribution near the

wall. The velocity near the wall where two panels intersect at a convex

angle tends to infinity. Therefore, if the two points used in the

" extrapolation were too close to a r.. -I edge, their velocities might not

have been truly representative of the values which would have actually

existed at those locations. The resulting extrapolated velocity would

rten be invalid. A finer paneling scheme would reduce this effect by

providing a more refined estimate for the velocities used in the
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extrapolation. The general criterion is that a velocity should not be

calculated within fifty percent of the distance defined by the

characteristic dimension of the panel. The characteristic dimension is

taken as the length of the longest diagonal. A velocity calculated at a

distance away from the panel which is less than fifty percent of the

length of the longest diagonal may not reflect the true velocity at that

point. The effect of finer paneling is to reduce the characteristic

dimension of each panel and increase the range of applicability of the

extrapolation procedure (29)

The results shown in the plots confirm the above discussion. In

each case, except Test 6, it is seen that there was one region where

the wall pressure coefficients became irregular. The values did not

decrease uniformly as expected. There was a sharp drop in the pressure

coefficient followed by a sharp rise, and then resumption of the

predicted uniformly decreasing pattern. In each instance this anomaly

can be traced to regions near panel intersections where the inlet

curvature was large. The subsequent experimental results indicated that

the numerical solution in these regions was not correct, and in these

regions the extrapolation technique was not valid.

The two-dimensional program predicted a downstream region where the

velocities "overshoot" the expected values. This region was also

" predicted by the three-dimensional program. In Figure 8c it can be seen

that the pressure coefficients became negative at about x - 49.2 inches,

slightly past the end of the region of greatest convex curvature in the

inlet. These results are consistent with the two-dimensional program.

In the region between x 30.0 inches and x = 35.1 inches there
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appeared to be a slight adverse pressure gradient along the wall. As

the centerline velocity increased in this region, the wall velocities

were at the same time decreasing as they approached the region of high

curvature. The result was an adverse pressure gradient. This adverse

pressure gradient became less prominent as the paneling scheme became

more refined.

The problem of leakage is the one factor which usually limits the

results from the three-dimensional source panel program for internal

flows. Leakage is the term used to describe the variation in volume

flux in the inlet due to the "porous" nature of the source panels which

model the Inlet. The flow normal to the source panels is zero only at

the control point on each panel. At all other points on the panel there

may be flow through the panel, causing the volume flux to change.

Figures 6b-8b are plots of the percent leakage in the inlet. The

reference value was taken to be the volume flux in the exit plane, since

this was the location where the exit velocity was prescribed. The

negative values for the leakage indicated that the reference value had

less volume flux than the point to which it was being compared. These

plots clearly show that there is a serious leakage problem, since the

magnitude of the leakage was on the order of fifty percent.

The regions of local minima evident on each plot occur at regions

very near panel intersections. At panel intersections the velocities

asymptotically approach zero or infinity, depending on whether the

intersection results in a concave or convex corner, respectively.

The maximum percent leakage of the two-dimensional case was found

to be approximately one percent. Leakage calculations for the three-
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dimensional case showed that the maximum leakage in the inlet varied

from sixty percent for the most inefficient paneling scheme, to thirty

percent for the most "efficient" paneling scheme. The leakage problem

"" " is a serious one for the three-dimensional application of the source

panel method to internal flows. The magnitude of the leakage can be

controlled to some degree by the number of panels used as well as by the

quality of the paneling scheme.

The problem of leakage was one of the primary motivating factors in

the development of the so-called "higher-order" panel methods. In these

methods, the source strengths are allowed to vary over the source panel.

Also, more complex paneling schemes are used to obtain greater accuracy

in modeling the inlet. Entire studies have been dedicated to the

geometry problem alone ( The discussion in this section

demonstrates the importance of the paneling scheme on the flow-field

calculations for a three-dimensional, high contraction ratio, wind

tunnel Inlet. The pressure coefficients and the leakage are directly

.. dependent upon the quality of the paneling scheme used to represent the

inlet. In turn, the quality of the paneling scheme is directly

dependent upon the experience of the user and the limitations of the

computing system.

The purpose for the development of the analysis procedures was to

have a way in which both detailed field velocities and surface pressures

could be predicted. Unless extreme panel detail is used or possibly

higher order panels incorporated, the current procedure appeared

inadequate. It still had the benefit of straight-forward implementation

of the boundary conditions, particularly the inflow condition for the
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inlet. This allowed for application to both indraft and closed circuit

inlet concepts. Although no further development of the panel method was

performed during this study, this work and that of others (2,27) has

shown its' suitability for wind tunnel design and performance

analysis. In an attempt to develop a reasonably efficient and

accurate prediction scheme for a systematic study of a family of inlets,

the panel method was not selected. The next section documents the

development of a finite difference, field solution for the wind tunnel

inlet flow.

Finite Difference Method

As an alternate to the source panel method previously discussed, a

finite difference field solution to the incompressible inlet flow was

developed. As in the case of the panel method, there are certain

advantages and disadvantages to the finite difference approach. A

number of the advantages are:

(1) Complete field information is determined as a resuit of the

calculation. This allows for easy determination of velocity

profiles and wall pressures.

(2) The symmetric nature of the three-dimensional inlet geometry

is compatible with numerous transformation schemes which

allow for simplification of the computational domain.

(3) Although three-dimensional, the expected solution does not

present strong gradients in field parameters so excessive grid

detail, and thus computer storage, is not necessary.

(4) There is a wealth of experience associated with the

SI "numerical" aspects of the difference solutions.
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There were also a number of anticipated disadvantages.

(1) Nore detailed specification of the upstream and downstream

boundary conditions are required in a manner much different

from the panel approach. This appears to limit direct

applicability to certain types of indraft configurations.

(2) If spatial transformations were used to simplify the

computational grid, it would complicate the simple field

equation (Laplace's equation) and increase the computation

times.

(3) Computation times for the three-dimensional inlets could be

significantly greater than the surface paneling techniques.

The decision to select one of the two analysis techniques was based on

an evaluation of accuracy and computational efficiency. The following

section describes the development of the finite difference method which

was subsequently used to develop the inlet design criteria.

A number of pilot methods were investigated during the development

of the final "production" code. Each code was based on the same basic

concept, this was to describe the flow field in terms of a velocity

potential which must satisfy Laplace's equation (Equation 3)

-: I. ¢ + + =0 (3)
xx yy zz

everywhere in the fluid domain and predescribed conditions on either the

potential or its derivatives on all boundaries of the domain. The

potential function was selected because of its suitability to three

dimensional flows. The velocity field components are determined from

the gradients of the potential
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and the magnitude of the velocity at a point in the inlet, V,

defined as

V = + V2 + W2 1/2 (5)

One has a choice of either attempting to solve for the potential

field in the real domain (x, y, z) as illustrated in Figure 2 or to

transform this region into a space which will either simplify the field

equation or boundary conditions. For the problem at hand, the field

equation is as simple as it can be but the curved wall boundaries do

create difficulties. These curved walls, coupled with the large area

change between the entrance and exit sections of the inlet, present

significant problems if one attempts to solve the field equation in the

real space. In the early stages of the program, a two dimensisonal code

was developed which utilized a nonuniform grid in the real space and

special curved wall boundary conditions. Although this approach yielded

-reasonable results for the two dimensional case, the anticipated

complexity associated with the coding in three dimensions did not warrant

further development.

The method selected for the three-dimensional analysis is presented

in detail in Reference 40. This approach uses a transformation based on

the local width and height of the inlet to transform the variable area

region to one of constant cross section. The transformation takes the
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form

x y/w(x), = z/h(x) (6)

The use of this transformation results in a much more complex form

of the field difference equation but the ease with which the boundary

conditions can be applied outweighs these difficulties. Extensive

numerical experimentation was conducted during this project and the

results agree well with the experiences cited in Reference 40.

Initially a non-conservative finite difference method was used

which demonstrated problems with both convergence and accuracy. Due to

the nature of the transformation, the field equations for a center

differenced non-conservative solution lacked diagonal dominance of the

resulting set of linear equations for the potential field. This

required the use of special iterative schemes to resolve the numerical

convergence problems but still resulted in somewhat inaccurate and very

slowly converging solutions.

The fully conservative field form of Reference 40 was also

developed and yielded good results. This same method was used for a

detailed study of German-Dutch low speed tunnel (40) and it appears to

provide a reasonable, though not computationally inexpensive solution,

to the inlet flow field problem. The computational scheme is extended

into constant area sections upstream and downstream of the inlet.

Derivative boundary conditions are applied on the solid walls and on

planes of symmetry. The length of the upstream and downstream sections,

and the type of boundary conditions applied on these planes are
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decisions which must be made for a particular inlet geometry. A number

.'" of numerical experiments were performed during this study and, for all

the results presented, the upstream and downstream constant area

sections were one half the length of the inlet. A uniform velocity

condition was imposed at the upstream and downstream planes. Modeling

the inlet flow field in this manner is quite suitable for closed circuit

tunnel applications but has obvious limitations for indraft tunnels.

The definition of the upstream boundary condition for an indraft tunnel

would require matching the interior flow to some exterior solution or

using a transformation to handle the semi-infinite upstream region.

With the addition of screens in an actual tunnel, the upstream

conditions for either the indraft or closed circuit tunnel are different

from those considered in this report. The screens alter the mean flow

but, since the subsequent design studies were intended to demonstrate

trends in performance, there was no attempt made to incorporate the

influence of the screens in the computations. Only future research can

.. clearly define the interaction between the screens and the inlet.

S--The results of the computation for a specific inlet are values of

the velocity potential at a discrete number of grid points within the

inlet. From the gradients of the potential, velocities and thus

pressures can be computed. Since the solutions are linear, they depend

only on the geometry of the inlet and results can be presented in terms

of velocity ratios or non-dimensional pressure coeficients.

The computational grid was defined in such a manner so that values

of the potential were computed at points one half a grid space from f

planes of symmetry or walls. For most of the computations made in
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developing the design charts presented in Section IV, a 10 x 10 x 40

grid was used to define the inlet. Only a single quadrant of the inlet

was modeled, with symmetry conditions being applied along vertical and

horizontal centerline planes. The constant area upstream section was

modeled with a 10 x 10 x 10 grid, the inlet with a 10 x 10 x 20 grid

(the finer resolution in the streamwise direction) and the constant area

downstream section was a 10 x 10 x 10 grid. Using this grid spacing,

the values of velocity and pressure referred to in this report as
,,+,..

centerline" are computed at values of n= 1- 0.05 and the "corner"

values are at positions with n 0.95

A set of results are given in Figures 11-14 for the same inlet

geometry discussed in the previous section on the panel method. Figure

11 shows the velocity distribution at the centerline plane and along the

wall at the entrance and exit planes. Figure 12 is a pressure

distribution along the centerline and corner.

2
C l - (-_Y) (7)

PU  UM

This pressure distribution is based on the mean velocity at the exit

plane (Um ) and appears constant over the upstream section of the inlet.e

Non-dimensIonalizing the pressure in this manner is adequate for the

downstream regions of the inlet, but significant detail is lost in the

upstream region. For this region, an "upstream" pressure coefficient

2
" P = i - (_ )m (8)

P1. UMn
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is also used where Um is the mean velocity at the inlet entrance plane

and is shown in Figure 13. These two figures illustrate the critical

adverse pressure regions near the walls at both the entrance and exit

planes. The volume flux along the inlet was also computed, by a simple

numerical integration, and is shown in Figure 14, in a form similar to

that for the panel method. The percent of leakage is based on the

volume flux at the exit plane and the maximum variation was only 2.6,

which occured at the entrance plane. This shows a significant

improvement over the panel solution procedure.

The solution of the field equations was iterative and convergence

was particularly slow. Using the fully conservative difference scheme,

the solution was convergent for all geometries considered but for the 10

x 10 x 40 grids (4000 field points) convergence to a variation in

potential of less than 10- was only possible with computation times on

the order of one hour on the IBM 370/168. (This is consistent with Ref.

40.) Such slow convergence, and excessive computer times would make it

impractical to perform flow calculations for numerous geometries so a

study was performed to determine an approximation to a converged

solution. Figure 15 is a plot of maximum volume flux variation for

various computation times. Based on these results, 20 minutes was

selected as an "adequate" computation time and this value was used in

all design studies. These results were for a CR-25 inlet with a match

point, X = 0.5, but should be indicative of the results achieved for the

range of inlets considered in this study.

Based on these results, the finite difference method was selected
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for use in the development of the design data presented in Section IV.

It is an approximate technique, which is somewhat costly from a

computation point of view, but it does yield reasonable results.

Comparison with the experimental results, presented in the next section,

added confidence to the use of this technique.
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SECTION III

EXPERIMENTAL PROGRAM

As a parallel effort with the analytic program development, an

experimental program was pursued which was intended to provide both

improved understanding for the physics of the inlet flow field and a

benchmark for evaluation of the analysis procedures. Unlike in the

analysis, where the inlet can be effectively "isolated" from the

performance of the remainder of the tunnel components, in the

experimented study the interaction between the inlet and turbulence

screens became important. The emphasis in this phase of the study was

directed towards indraft subsonic tunnels with flow visualization

applications.

Surprisingly, little experimental work has been done to evaluate

existing inlet designs. A few papers have been published which discuss

experimental work carried out to examine individual aspects of

contraction design. Most of these have focused on the effect of the

inlet on the turbulence level in the test section. Uberoi tested the

effect of contraction ratio on isotropic turbulence by conducting

experiments in three square contractions of different contraction ratios

(3). Klein and Ramjee studied the effect of contraction geometry on

non-isotropic turbulence by using eight circular nozzles of different

geometries all with the same contraction ratio (5). Ribner and Tucker

employed a spectrum concept to study the selective effect of the

contraction on the components of turbulent velocity fluctuations (4).

Almost all practical wind tunnels have damping screens or

honeycombs upstream of the contraction to straighten the flow and reduce
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the scale of the turbulence. The use of screens is particularly

essential in obtaining low turbulence levels in the test section.

Numerous studies ha, e been conducted to determine the effect of damping

screens in reducing wind tunnel turbulence. They include a variety of

experiments to examine the effect of screen wire size, mesh solidity,

spacing, and positioning in the settling chamber (41-43).

The work done to explore various effects on wind tunnel turbulence

has provided valuable results. The turbulence in an inlet, however, is

just one aspect to be considered and researched. Very little

experimentation has been done to tie together all the important aspects

of a contraction design, i.e. pressure gradients, exit flow quality,

boundary layer behavior, turbulence levels, etc. Also, few experiments

have been performed to correlate real inlet flows with theoretical

predictions.

Many design techniques have been proposed in an effort to obtain a

high quality flow in the test section. A good inlet design should

consider all of the following performance and physical specifications:

(1) a high degree of exit flow uniformity

(2) no flow separation or unsteadiness

i-*1e (3) minimal boundary layer growth

(4) reduction in turbulence intensity

(5) shortest possible contraction length.

": In reality, an "ideal" inlet which meets all of the above specifications

is difficult, if not impossible, to achieve. Often trade-offs and

91 compromises must be made in order to design a satisfactory contraction

for a given application.
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Many early design concepts were concerned primarily with obtaining

an axially aligned, uniform flow at the contraction exit plane. This

was, and still is, the most important function of the contraction

section. Aerodynamic measurements in the test section could be

adversely affected if the oncoming air stream is misaligned or possesses

a non-uniform velocity distribution.

Later design work was also concerned with the presence of adverse

pressure gradients and the possibility of boundary layer separation.

Minimizing the boundary layer growth along the inlet walls is

advantageous for two reasons. First, the smaller the boundary layer

thickness the less likely are the chances of separation in regions of

adverse pressure gradients. Second, the boundary layer in the

contraction continues to grow as it enters the tunnel working section.

The presence of a relatively large boundary layer can effectively modify

% the geometry of the inlet and alter the exit plane velocity

distribution. Also, the boundary layer can affect measurements in the

test section by directly interfering with the model, pitot tube, hot-

wire probe, etc.

Early NACA work in various wind tunnels demonstrated that

turbulence could also affect measurements on airfoil models (44).

%%% Research has been conducted by Mueller and Pohlen to study the effects

of turbulence on low Reynolds number airfoil performance in wind tunnels

(45). These sets of experiments have indicated the need to reduce the

amount of turbulent fluctuations in the air stream. Ideally, the flow

in the test section should practically be turbulence free in order to

simulate the conditions of atmospheric flight.
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The wind tunnel contraction section serves to modify the turbulence

levels in the flow in the test section. The degree of turbulence in

the air flow is specified by the turbulence intensity- the ratio of

the fluctuating velocity component to the mean velocity. The turbulence

. intensity is reduced as it passes through the length of the contraction.

The length of the inlet serves to decrease the turbulence levels in the

test section by providing a finite distance over which the turbulence is

allowed to decay. The area reduction of a contraction tends to stretch

the vortex filaments associated with turbulence (3). Several

-',. experimental studies have shown that contractions exhibit a selective

effect on the three components of turbulent fluctuations. Prandtl was

the first to point out that a sharp decrease in the cross-sectional area

of a pipe with a consequent increase in the mean speed of the flow

tends to smooth out flow irregularities (3). Thus, the contraction

reduces the turbulence intensity level by increasing the mean flow

speed. The scale of the initial turbulence can be reduced through the

use of damping screens upstream of the inlet. Smaller scale

fluctuations tend to decay more quickly than larger ones (8).

Reducing the physical size of the contraction cone has obvious

advantages. A shorter inlet would require smaller support facilities

and would cost less to construct. This is sometimes not a concern for

inlets to be used with small wind tunnels, but for larger tunnels, like

* the 40' x 80' tunnel at NASA Ames, the length of the contraction is

important.

Objectives of Experimental Program

The primary objectives of the experimental phase centered on the
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evaluation of the aerodynamic performance of an inlet designed using

Morel's two-dimensional method (25). Morel's technique was chosen

*Ii

A% .

because two inlets designed earlier by his method performed

satisfactorily. The two inlets, a 75:1 contraction and a 150:1

contraction, were built in 1980 for use with a transonic smoke flow

visualization wind tunnel (2). Such radically high contraction ratios

were necessary to allow for flow visualization in the test section and

to avoid excessive pressure losses through the screens. Morel's method

was chosen because his design charts made the method relatively simple

to use in practical design applications. Some of his charts had to be

extrapolated to accommodate the higher contraction ratios. The design

concept was expanded to the three-dimensional case by matching four

contraction walls of the same contour; the resulting inlets each had

square cross-sections. Using a similar approach a contraction ratio of

30:1 inlet was built specifically for this experimental investigation

for use with a subsonic wind tunnel currently in operation at the

University of Notre Dame.

Several aspects of contraction performance were examined during the

experimental phase. In particular, Morel's design was evaluated in

terms of: (1) exit flow uniformity, (2) adverse pressure gradients and

*1'L"

wall separation, (3) effect of contraction on turbulence, and (41)

41, boundary layer behavior. Also, other experiments were performed to

examine: (5) the effect of damping screens on flow quality, (6) the

effect of a wall discontinuity at the contraction entrance (this "step"

was formed when the inner edges of the screen frames were not flush with

the inlet lip of the contraction), and (7) the effect of obstructions in
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the proximity of the contraction entrance.

The investigation of the inlet flow required performing four

separate sets of experiments. Quantitative measurements were taken

using wall static pressure ports, a five-hole pressure probe, and a

single wire hot-wire anemometer. A qualitative analysis of the flow in

the wind tunnel inlets was aided by smoke flow visualization techniques.

The wall pressure measurements were taken to examine the strength

of the adverse pressure gradients near the inlet and exit of the

contraction. Pressure measurements were also taken in the corner

regions to explore the severity of the secondary flows. Results

obtained from the wall pressure data were compared with predicted

results from the analytical methods.

The five-hole pressure probe and the hot-wire anemometer were used

to make flow field measurements at points in the interior of the inlets.

The five-hole probe was used to measure mean flow speed and flow

angularity. Data from probe measurements was used to provide velocity

profiles at several axial locations. Proximity effects and the effect

of wall discontinuities were also investigated with the five-hole probe.

Turbulence measurements along the centerline of the inlet were made

with the hot-wire anemometer. The hot-wire was used primarily to study

the effects of the contraction and screens on local axial turbulence

levels. For specific cases, it was also used to acquire data for

frequency content analysis.

Smoke visualization techniques were used to supplement the

quantitative measurements. The 30:1 contraction ratio inlet was

specially built with clear side walls to allow viewing of the inlet
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interior, even when the damping screens were in place. This capability

enabled the observation of phenomena such as flow separation and

entrained secondary flows in the boundary layer.

'- ** The current inlet research serves only as a starting point for

future work. The experimental techniques and procedures that have been
-=o •

developed provide a foundation for a more complete and in-depth

investigation of wind tunnel inlets. Reference 46 gives details of the

experimental program discussed in this report. The experimental results

that have been presented will be used to evaluate the inlet in terms of

more specific flow characteristics: (1) exit flow uniformity, (2)

adverse pressure gradients and wall separation, and (3) effect of the

contraction on turbulence. Several other aspects of the inlet flow

including the effect of damping screens and the effect of the screen

step will also be discussed.

30:1 Contraction Ratio Inlet

The experiments of this phase centered on a single inlet designed

using Morel's two-dimensional approach and having a matched cubic wall

geometry. The inlet was designed using conservative values for the

inlet and exit wall pressure coefficients (46). The 30:1 contraction

ratio inlet was constructed for use on either of two subsonic wind

" tunnels. The contraction is 56.6" long and the inlet and exit heights

are 47.0" and 8.58" respectively. The match point was located at X

0.71 (i.e. 40.2 inches from the entrance plane). The top and bottom of

the contraction were constructed from sheets of 1/8" masonite and the

sides were formed from clear sheets of Lexan. The Lexan was flexible

- .enough to form the wall contour and also possessed the optical quality
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needed for flow visualization work. The structure was supported

externally so as not to interfere with the flow in the interior of the

inlet. Particular care was taken to allow viewing of the corner

regions. A special test section and diffuser unit was built to make the

inlet compatible with existing wind tunnel facilities. The wall contour

of the flow visualization (FV) inlet is plotted in Figure 16 and a

photograph of the complete tunnel is shown in Figure 17. The damping

screens were made of two types of mesh. Five screens were made of a

multistrand nylon mesh grid with a 0.002" diameter strand in a 26 per

inch grid. The six screens attached upstream of the nylon screens were

made of an aluminum mesh with a 0.009" diameter aluminum wire in a 18

per inch grid. The location of the five-hole probe and hot-wire probe

measurements are shown in Figure 18.

Exit Flow Uniformity

The five-hole probe data at the exit plane (Figure 19) indicates

that the contraction exit flow is uniform and aligned for the 1i screen

case. The pitch and yaw angles at all points in the profile are within

plus or minus 1 degree of 0 degrees. The precision of these results

corresponds well with the accuracy level of the five-hole probe system.

In Figure 19a the velocity is shown to decrease near the wall. A

velocity profile taken with the hot-wire, however, did not indicate this

decrease, even at points closer to the wall. The discrepancy in the

results was probably caused by boundary interference on the measured

probe pressures. If the probe is placed within 5 probe head diameters

of a wall the calculated velocities could be as much as 4% low (47).

The data point in question in Figure 19a was located 0.3 inches from the
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wall; this is just 2.4 probe diameters. The wall pressure coefficient

data in Figure 20 indicates a non-uniform lateral velocity distribution

at x/L - 0.95. At this axial location the wall velocity varies by 2.5%

from the centerline to the port one inch from the corner. The lateral

velocity profile suggests that a non-uniform wall velocity distribution

may exist at the contraction exit plane.

Pressure Gradients and Separation

In a two- or three-dimensional contraction, regions of adverse

pressure gradient will occur along the wall at both the inlet and exit

of the contraction. The wall pressure measurements indicate that the

damping screen configuration directly affects the wall pressure gradient

in the upstream portion of the contraction. Figures 21 and 22 show the

wall velocity gradients in the upstream section of the FV inlet for 3

different screen cases. For the optimum screen configuration (all 11

screens flush with the inlet lip) no adverse gradient was detectable.

The sharpest negative velocity gradient occurred for the case of the

screen step. For this case the wall velocity slowed by almost 70% over

a distance about equal to 0.23L. The longest adverse gradient occurred

when no damping screens were used; in this case a negative velocity

gradient existed over a distance of about 0.3L. Note that the wall

velocities for all of the cases are almost the same at the most

downstream data location.

Pressure measurements in the inlet showed no evidence of an adverse

pressure gradient along the contraction walls near the exit plane.

Since the constant area exit region of the inlet is very short, an

adverse pressure gradient would also take place over a very short
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region. Additional pressure taps on the test section wall just upstream

and downstream of the contraction exit would have been helpful in

examining the behavior of the adverse pressure gradient. The inability

to detect the adverse gradients in the inlet was due to an insufficient

number of static ports near the exit. The external support structure of

the inlet made it difficult to instrument the inlet with extra pressure

taps.

Separation along the walls of a contraction could occur if a

positive pressure gradient is severe enough. Smoke flow visualization

was used to look for regions of separated flow in the inlet. With the

screens flush, no separation was observed. When the step configuration

was used, however, a separation bubble near the inlet lip was clearly

evident. This phenomena is pictured in Figures 23a and 23b. A positive

pressure gradient was formed when the inlet flow encountered an

effective area increase on the downstream side of the separation bubble

causing the flow velocity near the wall to decrease. This same type

situation probably exists for the 0 screen case as well, except the

separated region is larger and not as well defined (pictures could not

be taken of this case because the streamtubes break up quickly unless

screens are used).

Turbulence

The effect of the contraction on turbulence levels is best shown by

examining data shown in Figures 24 and 25. The local turbulence

intensities in the inlet are shown to decrease toward the contraction

exit. The fluctuating velocities, u', on the other hand, increase

through the contraction, especially in the region of greatest area
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reduction. The u' velocities at station 4 (x/L = 1.0) were not plotted

because they were about an order of magnitude greater than those at

stations 1 and 2.

From Figure 24, the influence of the contraction seems to depend on

the magnitude or content of the initial turbulence. The experiments

show that for higher initial turbulence intensities the percent

reduction in the intensities was greater. When one screen is used, the

intensity at the contraction exit is less than 1/3 its initial value.

For the 1i screen case, however, the reduction in turbulence intensity

is only about 40%. Using turbulence intensities as a means of

evaluating the effectiveness of the contraction in reducing turbulence

is misleading because the intensities are referenced to the local mean

velocity. Another way of assessing the effect of the contraction on

turbulence is to look at the behavior of the rms velocities for the

different screen combinations. When only one screen was in place the

magnitude of u' increased about 6 times through the length of the

contraction. When all 1i screens were used, u' at the exit plane was

found to be almost 20 times its upstream value. This big jump is

attributed more to acoustic excitation than to the effect of. the

contraction (the efect of noise will be discussed later). Nevertheless,

the magnitude of the fluctuating component of velocity cont. nuously

increases through the inlet for all combinations of screens.

Comparing these experimental results with those of Uberoi (3) and

Klien and Ramjee (5) shows that the effect of the contraction on

turbulence depends on the contraction ratio and the nature of the

turbulent fluctuations. Uberoi examined the effect of contraction ratio
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,'. on isotropic turbulence. He used 3 square inlets with contraction

ratios of 4:1, 9:1, and 16:1. For the two smaller inlets Uberoi's

results agreed with predictions from linear theory for isotropic

turbulence, i.e. the magnitude of u' decreases through the contraction.

For the 16:1 contraction, however, u' first decreased and then increased

to a final value which was 1.2 times the initial value. Since the

inlets currently being studied have such high contraction ratios, the

increase in u' through the inlets may be due to high contraction ratio

effects.

-. [ Klien and Ramjee studied the effects of contraction geometry on

non-isotropic turbulence. They found that the contraction ratio was the

governing parameter and not the wall geometry. Their results showed

that, for a contraction ratio of 10, the magnitude of u' increased 6-

fold through the contraction while the turbulence intensity continuously

decreased to about 1/5 of its initial value. These results compare

favorably with those obtained in the inlet. In most practical

applications the turbulence in front of the contraction is non-

isotropic; damping screens have also been shown to produce non-isotropic

turbulence (4). The degree of anisotropy in the inlet was not measured

because only a single wire hot-wire probe was used in the experiments.

* .: Pre- and post-contraction frequency spectra were measured for both

inlets. Two spectra taken in the inlet (Figure 26) best illustrate the

effect of the contraction on the longitudinal component of the

fluctuating velocity. The spectra were taken at stations 1 and 4. The

spectral densities indicate that the contraction tends to attenuate the

lower frequencies, i.e. the higher frequencies (greater than 5 Hz) at
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station 4 have greater relative power than those at the upstream

station. Although the nature of the turbulence in the inlet is still

not completely defined, its spectra compare in form with Uberoi's

spectra for u'. For Uberoi's 9:1 contraction, the post-contraction

spectrum is shifted to higher wave numbers (higher frequencies) with

less power at the lower wave numbers. His results indicate less of an

effect on the downstream spectrum when the 16:1 contraction was used.

Boundary Layer Behavior

An attempt was made to survey the boundary layer at the exit of the

inlet, but the manual hot-wire traversing mechanism that was used could

not provide the resolution necessary for such measurements. The probe

was lowered to within a tenth of an inch from the wall with no

noticeable decrease in velocity. This indicated a relatively small

boundary layer at the contraction exit.

Smoke flow visualization also proved useful in examining the

boundary layer. Figure 27, though, shows an interesting flow phenomena

along the walls of the FV inlet. In these two photographs, smoke

streaklines are introduced as close as possible to the vertical,

gtransparent wall of the inlet with and without the "step" caused by the

screen placement. In the contracting region a cross-flow entrained in

the boundary layer can be seen. The lateral motion of the entrained

flow is away from the corners towards the wall centerline.

Influence of Damping Screens

The use of damping screens upstream of the contraction cone is

known to improve the flow quality in the test section. Experiments were

performed to examine the effect of the screens on the flow in the two
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inlets. The results from these experiments will now be discussed with

particular emphasis on flow uniformity and steadiness.

Five-hole probe measurements were used to compare the flow

uniformity and angularity for the cases of 0 and 11 screens. Probe data

at port I are shown in Figure 28. At this upstream port the damping

screens tend to smooth out the irregularities in the mean flow velocity.

Figure 28a shows the decrease in the flow speed due to the associated

total pressure losses through the screens for a fixed fan speed. The

velocities obtained with the five-hole probe at this port were

repeatable to within 2.5% of the mean value. Hot-wire measurements made

at stations I and 2 for various combinations of screens also show this

characteristic of damping screens (Figure 29). Due to errors

introduced during linearization at low speeds, the uncertainty in the

flow velocities measured with the hot-wire was estimated to be about 4%.

The effect of the screens in reducing flow angularity is very evident

from Figure 28b. In the vicinity of the inlet wall the screens decrease

the pitch angle of the flow by more than 10 degrees. At port 1,

fluctuations in the measured pitch angles in the 0 screen case ranged up

to 3 degrees from the mean value, whereas in the 11 screen case the

deviation was approximately 2 degrees. The screens had similar effects

on the yaw angularity of the flow, but the effects were not as

pronounced due to the symmetric location of the data points (in the

vertical centerplane).

The effect of damping screens on the exit plane flow quality is

C shown in Figure 19. The screens improve the flow quality in terms of

both velocity uniformity and flow angularity. Figure 19c shows a bias
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towards higher yaw angles at points away from the centerline. This

trend in ' is significantly reduced with the addition of damping screens.

An important function of damping screens is to reduce the

turbulence level in the test section. Several experiments were run to

examine the effect of the screens on turbulence. Measurements made at

.o , station 4 were used to investigate the influence of the screens on test

section turbulence. Figures 30 and 31 present turbulence intensities

and rms velocities for the test section velocity case of 53 fps. From

*-. Figure 30, it can be seen that the turbulence intensities tend to

decrease with the addition of more damping screens. This effect is most

j pronounced at the most upstream station. At the contraction exit,

station 4, very little effect is noticeable; this again is due to the

higher reference velocity used in the definition of the local turbulence

intensity. By increasing the number of screens the turbulence

intensities become more uniform throughout the inlet, i.e. the effect of

the contraction on turbulence is reduced. When just I screen is in

place the turbulence intensities vary by as much as 0.95%, but when all

11 screens are used the intensities vary by no more than 0.13%. Using

more than 7 screens seems to have litle effect on the intensities

measured in the inlet.

The fluctuating velocities in the inlet are shown in Figure 31.

The same trends are evident. As extra screens are added ahead of the

contraction, the u' velocities tend to decrease. The lowest rms

velocities occur at the most upstream data station.

Frequency spectra data and flow v'sualization techniques provided

additional information on the effect of damping screens on turbulence.
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Spectra taken at station 1 in the FV inlet illustrate the influence of

the screens on the frequencies of the turbulent fluctuations (Figure

32). With the addition of just one screen a noticeable increase in the

relative power of the higher frequencies is observed. Interestingly,

the addition of extra screens has little effect on the spectrum.

Some earlier flow visualization studies were conducted at Notre

Dame to show the effect of the damping screens (2). All of the previous

work, though, was concerned with the coherence of the streaklines in the

test section. The advantage of the FV inlet is that it allows viewing

of the streamtubes where they are the thickest, just downstream of the

screens. Figure 33 shows the streamtubes in the inlet when 2, 4, and II

screens were used. For the 2 screen case, the smoke began to break up

within the first 20% of the inlet and had diffused by the time it

reached the test section. When 4 screens were used the smoke tubes

remained intact but still exhibited some signs of flow unsteadinenss.

The use of all 11 screens produced well defined, coherent streamtubes

throughout the length of the inlet and into the test section.

Effect of the Screen Step

Unless care is taken when installing the damping screen frames, a

step could result at the inlet lip. The step cases examined were for

forward facing steps, i.e. there was an area decrease from the screen

frames into the inlet. The effect of the screen step has already been

discussed in terms of the adverse pressure gradient in the upstream

portion of the inlet. This is probably the most notable of the effects

of the screen step.

The effect of the step on the whole inlet flow field is shown in
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Figure 23a. The streamtubes very near the center of the inlet are

affected very little by the step. Turbulence measurements made at the
.

centerline station 3 confirmed this. The turbulence intensities

measured for the step case compared closely with the intensities that

were measured when the screens were flush. Some of the streamtubes away

from the centerline begin to diffuse in the contracting region. This

could not be verified since hot-wire measurements were taken only at

centerline stations. Figures 23 and 27 all show that the streamtubes

close to the wall tend to break up after flowing over the step. These

streamtubes have completely deteriorated by the time the flow enters the

test section. Five-hole probe velocity measurements at port 4 (x/L -

0.85) indicate that the flow in the downstream sections of the inlet is

affected by the step (Figure 34). For the same wind tunnel fan RPM, the

mass flow in the step case is slightly higher because of the decreased

pressure losses through the screens (slower screen velocities due to the

larger area of the screen frames). Figure 35 shows that flow angularity

is virtually unaffected by the step.

Effect of Noise

The discussion of the turbulence data has already mentioned the

problems associated with noise in taking hot-wire measurements. The

hot-wire sensor is sensitive enough to measure the small fluctuating

velocities induced by acoustic excitation of the air particles. In

their experiments, Dryden and Shubauer found that noise can considerably

effect turbulence measurements (up to 25%) (41). They identified two

major sources of noise in a wind tunnel: propeller noise and so-called

drag noise produced by turbulence in the boundary layer at the tunnel
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walls. Drag noise is more prevalent in closed-circuit type tunnels, but

similar effects can exist in indraft type tunnels as well (e.g.

separation in the diffuser section, seepage through seams in the test

section, etc.). From their experiments with screens, Dryden and

Shubauer also found that damping screens are partially responsible for

the lower limit placed by sound; for the same RPM the propeller noise

increased with each additional screen.

In the 30:1 contraction, the effects of noise were localized. The

influence of the noise depended on the data point location and the speed

of the wind tunnel fan. The u' velocities at stations I and 4 for three

test section velocity cases are shown in Figures 36 and 37 respectively.

At the upstream station, the rms velocities decrease as expected through

the addition of the seventh screen. Extra screens seem to do little in

reducing the level of the turbulence. For the two lower speed cases,

the u' velocities appear to reach "bottom line" values. The

measurements at station 4 indicate that three damping screens are

optimum in reducing turbulence. The addition of extra screens appears

to do nothing to improve flow steadiness. These results are contrary to

the photographic data of Figure 33 which show that increasing the number

of screens improves the quality of the streamtubes. This implies that

adding screens improves the quality of the streamtubes and thaz adding

screens either reduces the turbulence intensity in the inlet or somehow

changes the structure of the turbulence. The discrepancies in the

results can be explained by taking into account the effects of noise.

While the data at station 1 indicates some acoustic interference, the

effects are more obvious at station 4. Station 4 is more susceptible to
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acoustic effects because it is located closest to the wind tunnel fan in

a relatively narrow channel (.05 ft2). When the fan is turning at

higher RPMs (higher test section velocities), the noise contribution to

the local turbulence is greater. The wind tunnel operates noticeably

louder at the higher speeds. In the highest velocity case, the rms

velocities actually show an increase when more than 7 damping screens

are used. These results concur with Dryden and Shubauer's findings

which demonstrated that additional screens tended to amplify the effect

of the propeller noise.

The sets of frequency spectra shown in Figures 38 and 39 provide

more insight into the effects of noise on turbulence measurements. The

spectra in Figure 38 were both taken at station 4 for two different fan

RPMs. In the higher speed case the majority of the power is located at

-*-. frequencies below 25 Hz; a roll-off in the power over the first 100 Hz

--. is indicated in the lower speed case. Two dominant frequency spikes at

about 7 and 15 Hz are evident in the high speed spectrum. These

frequencies have been identified by Mueller and Pholen as subharmonics

of the fan blade passage frequency (45). The frequency spike at 15 Hz

can also be detected in Figure 39.

The frequency spectra in Figure 39 illustrate the effect of the

damping screens on propeller noise. Figure 39a shows the spectrum when

no screens are used (same case as Figure 38b), and Figure 39b shows the

spectrum when all 11 screens are in place. In the 11 screen case, the

relative magnitude of the frequency spike at 15 Hz is about 20 times

that of the 0 screen case. Thus, it is clear that the addition of

damping screens increases the effect of the noise of the wind tunnel
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fan. The spectra of Figures 38 and 39 have also shown that noise can

influence hot-wire turbulence measurements, especially at the stations

nearest to the source of the noise.

Flow in the Corner Region

Wall pressure data and smoke flow visualization pictures provide

some information on the behavior of the inlet flow in the vicinity of

two adjoining walls. The corner flows are initially slower than the

corresponding wall centerline flows. In the center of the acceleration

region, however, the flow speeds in corners become faster than those at

the wall centerline. The lateral variation of the wall pressure

coefficients is presented in Figure 20. In the upstream portion of the

inlet the velocities gradually decrease towards the adjoining wall.

Figure 27a shows that secondary flows in this region of the contraction

tend to draw the flow away from the corners. The flow speeds in the

corners and at the wall centerline become about equal around x/L - 0.80.

, The data at x/L = 0.84 indicates interesting behavior in the transition

regions. Five-hole probe velocity measurements at port 4 show a similar

type profile when the screens are flush (Figure 34). Near the

contraction exit the corner velocities are only slightly greater than

those at the centerline.

The velocity ratios provided in Figure 22 indicate the severity of

the adverse pressure gradient in the corners. All 3 of the cases

examined show signs of a negative velocity gradient. With 11 screens

flush no adverse gradient was noticeable along the centerline (Figure

22), but in the corner regions a small gradient does exist. The most

severe gradient was exhibited for the case of the screen step. In this

.9
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case the wall velocity decreased by more than 75% in a distance less

than 0.2L. These results demonstrate why flow separation is most likely

to occur in the corners of a square or rectangular contraction. Figure

27a shows the disturbed flow in one of the corners of the FV inlet.

Proximity Effects

In the experiments to evaluate the effect of obstructions on the

inlet flow, all 11 screens were used to simulate the standard screen

operating configuration. Only the data for one case (ceiling with two

walls) is presented because it represents the "worst case" of those

examined. The effects in the upstream section were measured at port 1.

The velocities of Figure 40 show a lower mass flow near the wall in the

obstruction case. This would be expected since the ceiling and walls

restrict flow access to the upper portions of the inlet. The total mass

- ~flow of the wind tunnel is reduced by about 7% for the same fan RPM.

The velocities for all 3 cases shown were about the same at data points

below y/h = 0.75.

The proximity effects in the downstream portions of the inlet were

investigated at port 4. Figure 34 shows that the velocity profile is

altered slightly when obstructions are placed near the inlet. Again,

the reduced mass flow is evident. The pitch angles of the flow at port

4 are shown in Figure 35 to be almost unaffected by the obstructions.

- At this data location the yaw angularity was essentially eliminated (to

within the accuracy level of the probe).
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, Comparison of Numerical and Experimental Results

The experiments with the CR - 30 inlet did provide a benchmark for

'.-.'.evaiuation of the results of the numerical studies, though a directcomparison of calculated and predicted performance is difficult. The

:. panel solution which would have been more appropriate in its application

-. to the indraft tunnel due to the manner in which the upstream boundaries

' ' were modeled, proved unsuitable as discussed in Section II. The finite

.'-. difference solution, though significantly more accurate is limited by

, '. the manner in which the upstream boundary conditions must be described.

~A computation was performed using a 10 x 10 x 40 grid, for the

• experimental FV inlet. Uniform axial flow conditions were prescribed at

a."

• . a distance equal to one half the total inlet length, upstream and

downstream of the entrance and exit planes. These calculations are

compared with the experimental results for both the 0 and 11 screen

cases in Figures 41 - 44. In each case the results are non-

-' ' "dimensionalized in terms of either velocity ratios or pressure

.'.'. coefficients.

evau"The entrance region wall pressures for the centerline plane and the

corner region are presented in Figures 41 and 42. The comparison is

9.. good for the case In which all eleven antiturbulence screens are in

-. ?.place. The slight adverse pressure gradient is obvious, particularly in

4:.,

.-'-o the corner region. It should be noted that the computational results

are for grid points "close" to the wall. They were located at a

position 5% of the local tunnel width from the wall. The experimental

pressure taps were approximately 1 inch from the corner.

a It is difficult to make accurate velocity or pressure measurements
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near the entrance plane, for even with test section velocities near 200

ft/sec, the entrance velocities are near 7 ft/sec and the resulting

pressure differences (static to total) are often less than 0.010 inches

of water. The unsteadiness associated with the operation of the indraft

tunnel without screens also created difficulties and may be responsible

for the difference between the measured and calculated results.

Correlation in the downstream section of the inlet is again very

good for the 11 screen case as shown in Figure 43 for the wall

centerline. No adverse pressure gradient was evident near the exit

plane but the most downstream pressure tap was located at x/L - 0.95 and

any overspeeding near the wall would have occurred at a more downstream

location. The velocity profiles at ports 1 and 5, which were discussed

earlier and are presented in Figures 19 and 22 are repeated in Figure 44

and compared with the predicted profile. Although some general trends

are comparable, the comparison with the prediction is not good. The

velocities at both ports are referenced to the measured value at the

point closest to the centerline. At port 1, this is the velocity at

y/h - 0.23, due to length limitation of the probe. At port 5, the

reference value was the centerline velocity. At the low speed end, port

1, the measurements were hampered by the use of the 5-hole probe and

associated pressure measuring equipment at the very low speeds. At the

high speed and, port 5, the measurements are within 1% of the mean and

this too represents a limit on the velocity field measuring

capabilities.

Final Thoughts

The experience gained in the experimental phase of the effort may
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have generated more questions than it answered. The performance of the

inlet is strongly influenced by the character of the incoming flow. The

upstream conditions, both in analysis and experiments, influence the

inlet flow field. In the analysis, the upstream conditions can be

"controlled" in a different manner than in the experiment. Since one of

the areas of concern of this effort was the performance of the high

contraction ratio, indraft tunnel when used as a smoke visualization

facility, experiment demonstrated that this inlet design, when coupled

with adequate screening, would perform well. The screens are obviously

vital and the role they play in effecting both velocity fields and

turbulence levels is not fully understood. Trying to correlate the

quality of the smoke streaklines with the hot-wire turbulence

measurements is a difficult task and one which will require additional

research. Both the inlet and the turbulence managing devices must be

adequately designed for a tunnel to function properly.
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SECTION IV

INLET DESIGN DATA

The final task in this research effort was to use the results of

the analytic program development and the experimental studies to develop

a set of practical guidelines for wind tunnel inlet design. This would

become a formidable task unless one would limit the type and application

of the tunnel facility for which the inlet is to be designed. The

approach taken to develop the design data was to first characterize the

'V inlet geometry with a relatively simple set of parameters and then to
4-.

use the numerical prediction techniques to predict performance for a

range of these parameters. The inlet performance was "measured" with a

set of parameters related to flow field uniformity and adverse wall

pressure gradients. The designer is then able to select a set of

* .*. performance goals, and use the results of the numerical simulations

which have been presented in chart form to select the required inlet

size and shape parameters.

The application for the design data is again the relatively high

contraction ratio tunnel of either indraft or closed circuit design.

The numerical procedure has been demonstrated for cases in which the

upstream boundary conditions were more characteristic of the closed

circuit tunnel but the experimental studies demonstrated reasonable

agreement for an indraft tunnel design. The range of contraction ratios

considered (10 - 40) for both square and rectangular cross section

inlets is suitable for subsonic tunnels which could operate over a

relatively wide speed range. The low end of the range may be more

suitable for closed circuit tunnels where the higher contraction ratios
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are characteristic of values used in some recent indraft tunnel designs,

particularly those designed for smoke flow visualization.

The development of the set of rational preliminary design

guidelines or procedures required the:

1.) selection of a set of parameters which characterize the inlet

geometry, and

2.) selection of a set of parameters which define the inlet

4 . Iperformance.

The suitability of the subsequent design procedure depends on these two

sets of parameters. Those selected were the result of the experience

gained in the analytic work and experimental studies but in no way

represent the "best" set. Future work in this area may indicate the

need for other parameters.

Inlet Geometry

The inlet geometries considered are square or rectangular cross

sections as shown in Figure 2. The basic geometric parameter is the

area contraction ratio, CR - (HiWi)/(HeWe). The ratio of height to

width (H/W) sets an "aspect ratio" for the cross section. The length of

the inlet can be scaled by the height (L/H) so that the basic size

.. % parameters are all non-dimensional. The H/W ratio could be a function

of axial distance as would be the case in an inlet which would be used

to transition from a square plenum to a rectangular cross section. This

%, type of inlet was not considered but it is consistent with the

prediction methods and, therefore, could be considered in the future.

The following shows the range of the parameters used in developing the

design charts.
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CR L/H H/W

10 0.6 1.6 1.0

25 0.6 1.6 1.0 , 1.67

40 0.6 1.6 1.0

The selection of the wall geometry is a much more difficult task.

There are obviously a large number of candidate wall geometries from

arbitrary "smooth curves" to sophisticated high order polynomials. The

*matched cubic geometry was selected for this work for two reasons.

First, it allows for a single parameter, X - xm/L, the match point, to

be used to completely define the wall geometry. Second, it had proven

successful for a number of recent tunnel designs. From a practical

consideration, it is realized that the curve formed by the matched cubic

is more complex than some possible geometries such as those formed by

circular arc and straight line segments. This does complicate

fabrication but the fact that it satisfies two important "boundary"

conditions and can be defined by a single parameter may outweigh the

added complications. These boundary conditions are the zero wall slopes

(i.e. alignment with the test section longitudinal axis) at the upstream

and downstream end in the inlet. The need for zero wall slope at the

downstream end is obvious, and recent experience (2) has shown benefits

of zero wall slope at the inlet entrance, particularly with screens or

other turbulence management devices present. The design studies

presented in this report used values of X 0.2 0.8 which effectively

spans the range of very rapid contractions with mild curvature in the

downstream section to inlets with most of the area reduction in the

downstream section.
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Though the inlet geometry discussed may seem quite limited, there

were 120 separate inlets studied using this set of parameters. This

represents over 40 hours of computer processing time and, though

expensive, was far more reasonable than the cost of fabricating 120

separate inlets and "testing" each.

Design Parameters

The result of each computer simulation was the complete potential

field for each inlet. It was necessary to reduce this information to a

set of parameters which could be used in evaluating the performance of

each design.

An attempt was made to select a simple set of parameters which

would be related as closely as possible to measures of "good" inlet

performance. These parameters were then related to flow quality and

susceptibility to flow separation.

Flow uniformity can be measured in terms of a maximum variation of

velocity at a given cross section. Two parameters were defined.

VL. -Vcor.
1 

1 ) x 100 (%)
ui UM. X 10 M

(9)

V -V
cor

= ( -e--) x 100 (7)
e Ur

e

These represent the percent of maximum variation in velocity at the

entrance and exit plane cross sections. At the entrance plane the

greatest velocity occurs at the centerline (V ) and the smallest

velocity at the corner (Vcor ). The opposite situation occurs at the
i
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*?. *exit plane, with the greatest velocity occurring at the corner. The two

parameters are expressed in terms of a percent variation from the mean

velocity at the given cross section. The mean velocity was determined

by computing the volume flux and dividing by the cross sectional area.

- The exit plane uniformity is important due to its influence on the

test section flow quality. Although the nonuniformity decays as the

flow continues in the constant area test section, the degree of

nonuniformity will influence the length of the test section and

allowable model locations. The entrance plane uniformity, though not

apparently as critical a parameter, can effect the selection of the

turbulence management devices. Since ui can be greater than 100%, the

variation in speed across the entrance plane can be quite large. This

- can effect the size and placement of screens or honeycomb or possibly

set an upper limit on tunnel operating speed.

The second set of parameters selected to describe the inlet

performance are related to the development of the wall boundary layers.

It would be ideal to use the results of the numerical calculations to

perform detailed calculations of the development of the boundary layers

in order to predict separation or displacement thickness. This type of

calculation is beyond the scope of a preliminary design study, but there

are simpler techniques for predicting boundary layer behavior. It is

important to eliminate the possibility of separacion of the wall layer

at any point in the inlet due to the influence separated regions have on

the test section flow quality. The behavior of the boundary laye. is

dependent upon the character of the layer as the flow enters the inlet.

This is dependent upon tunnel type and upon disturbances created
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upstream of the inlet. The development of the layers within the inlet

will be influenced by the pressure distribution imposed on the layer and

by the wall roughness. The experiments and numerical studies have shown

the presence of adverse pressure gradients near both the entrance and

exit planes of the inlets whose walls are matched cubics. Figures 45

and 46 show the details of this adverse pressure gradient near the inlet

entrance for a series of design parameters. The pressure coefficient Cp

is based on the mean entrance plane velocity. Figure 45 shows the

pressure at both the wall centerline and corner region for CR = 10 for a

very short inlet L/H = 0.8 and a long inlet L/H = 1.40. For the match

point forward in the inlet X - 0.2, there is a very strong adverse

pressure region which begins well upstream of the inlet entrance plane

and reaches a peak at X/L = 0.1. For the match point well downstream in

the inlet, X = 0.80, the magnitude of the adverse region is much less

but it extends over a greater length of the inlet. Figure 46 shows the

same combination of inlet geometries for a contraction ratio of 40.

Somewhat surprisingly, the results are very similar. The magnitudes and

locations of the peaks are quite comparable indicating a very weak

dependence on CR for this range of values.

The type of data shown in Figures 45 and 46 indicate the

environment seen by the boundary layer but it does not indicate whether

or not separation occurs. There are a few ,imple procedures available

to help predict separation. One method which has been used in similar

studies in the past is Stratford's turbulent boundary layer separation

criteria (48). The Stratford criteria is straightforward and easy to

apply. It shows that separation depends upon the strength of the
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adverse pressure gradient and length of the developing turbulent

boundary layer. Separation is predicted to occur at a point where

C p (x dC p/dx)l/2  0.39 (10O6XRe)l1/10 (10)

The constant (0.39) in equation (10) is changed to (0.35) for cases

where for (d 2 p/dx2 ,0). The distance x is measured from the "origin"

of the turbulent boundary layer and the emperircal relation is valid for

Reynold's numbers (based on x) on the order of 106. This criteria was

applied to a group of inlet designs as will be discussed in the next

section. The location of the origin of the boundary layer is usually

-not known in the inlet design problem, and the region of most severe

adverse pressure is the corner, where the flow is highly three-

dimensional. Although this criteria is useful in developing a "feel"

for boundary layer behavior, a more detailed approach would be required

for accurate prediction of separation.

Morel did show that the magnitude of the adverse pressure region

could be correlated to two simple parameters (24). These two parameters

are used to study the sensitivity of the pressure distribution on the

inlet geometry. There is a simple parameter for the entrance region and

one for the exit region.

-C" - I VI/U .

Pi =1-(min I

p. 1

2 (i0)

p e max
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The values Um and Um are again the mean values at the entrance

and exit planes respectively. The values Vmax and Vmin are the maximum

and minimum speeds within the inlet. They occur along the corner and

are charactristic of the magnitude of the adverse pressure gradient

occurring near the inlet entrance and exit.

The four parameters ui, Ze, Cpi and Cpe can be used to describe

the aerodynamic performance of the inlet. A designer can select

allowable values for each parameter and then determine the required

tunnel geometry to achieve each.

Inlet Design Charts

Using the performance parameters discussed in the previous

paragraphs, the results of a series of calculations were summarized into

a set of design charts. These charts are shown for the complete set of

parameters discussed earlier in Figures 47-51. Each figure has four

parts representing the variation of each parameter, ui, -e, Cpi and Cpe

with match point and length to height ratio for a given contraction

ratio. These curves can be used to select the preliminary inlet

geometry for a given wind tunnel application.

As would be expected, the degree of entrance or exit plane

uniformity are competing parameters. Entrance plane uniformity can be

improved by moving the match point rearward, but this increases the exit

plane nonuniformity. Both parameters are improved by increasing the

inlet length. Entrance and exit plane pressure distributions, as

reflected in the parameters Cp and Cpi, are also competing parameters.

Forward positions of the match point result in low values for Cpe (small

adverse pressure gradients in the downstream end of the inlet) but this

%J 
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also results in large values for C pi Again both parameters are reduced

by increasing the inlet length.

Additional calculations were performed applying Stratford's

criteria to the pressure distribution along the corner region and the

results are included with Cp (part c of each figure). Arsuming an

effective origin of the turbulent boundary layer equal to 50% of the

inlet height upstream of the entrance plane, the flagged symbols

represent designs for which turbulent boundary layer separation is

predicted. This seems to correlate very well with the parameter C .and
p1

on each figure upper bound for C Piis shown. This upper bound does

depend upon the selection of position of the virtual origin of the

boundary layer and should therefore be used as only a rough estimate of

a limit on C pi

Similar calculations were not performed for the boundary layer near

the exit plane. Since the history of this layer is so complex it was

felt that it would be inappropriate to attempt to apply Stratford's

*criteria in this region. Allowable values for C Pewill therefore have

to be developed from experience or from more detailed boundary layer

calculations.

The dependence of each parameter on contraction ratio can be

determined by interpolating between the curves. T is not a strong

function of CR where the other three parameters show a stronger

- ~.dependence. The only calculations for rectangular cross section inlets

were performed for CR =25. The values for Ui and 1 e decrease for

increased H/W ratios. It appears that as H/W increases the inlet

.~ Ibecomes more "two-dimensional" for a given contraction ratio, even

4.7

0'.72

* . *-.° ,'*



though the ratio of H/W remains constant along the inlet. The influence

of the corners is not as strong. The parameter Cp1 showed a decrease

V. with increases in H/W as would be expected if the influence of the

corners is reduced. This implies that a shorter rectangular inlet could

be used rather than a square cross section for a similar contraction

ratio. As an example in comparing Figures 48c and 49c, using the

Stratford criteria as discussed earlier, the square cross section, CR =

25, inlet with L/H = 1.0 and X = 0.6 indicates separation at the

upstream corner region where the same geometry with a rectangular cross

section and H/W - 1.2 indicates no separation.

As an example in the use of these charts, consider the design of a

CR - 25 inlet of square cross section, with the following target

parameters:

1) Z' - 25%

a'.. 2) Ue - 1.0%

3) Cp, =0.4

(The selection of C is somewhat arbitrary but seems reasonable

for a closed circuit tunnel with a plenum whose length is approximately

1/2 of the inlet height.) From Figure 48c, based on C i, the shortest

inlet allowable appears to have a L/H - 1.0, with a X 0.8 match point

but referring to Figure 48b, this inlet would have a ue = 6.5% which is

far above the target value. A 1% value for ue could be achieved with

L/H = 1.2 and X ' 0.57, which would yield a value of C 0.41 and

u, 15% and C = 0.05. Coincidentally this value of C is that
PC Pe

selected in the two-dimensional design of the inlet used in the

experimental program and it is therefore in an acceptable range. This
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would then provide a reasonable preliminary estimate of the wall

geometry of the inlet and size of the inlet section. The design is

highly dependent upon the selection of the target parameters. It will

only be through experience and additional analysis that more confidence

in acceptable values of these parameters can be achieved but the current4 ,.v'.

' study does provide direction for that future work.
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SECTION V

CONCLUSIONS AND RECOMENDATIONSII This report documents the results of a combined numerical and

experimental study of the aerodynamics of high contraction ratio,

subsonic wind tunnel inlets. The inlet or contraction section of a wind

tunnel facility has significant impact on the performance and operating

characteristics of any subsonic wind tunnel. Although numerous studies

have been directed at the development of methods for predicting wind

tunnel performance almost all have been applied to two-dimensional

5. geometries and are therefore limited in their applicability to "real"

three-dimensional wind tunnel facilities. Previous studies demonstrated

the possibilities of using numerical aerodynamic prediction methods such

as surface paneling or field finite difference solutions to predict the

inlet performance. These studies were conducted to evaluate the

performance of specific inlets and they did not provide any general

design trends for future wind tunnel facilities. It was the intent of

this work to build on this previous experience and develop a set of

guidelines for use in preliminary aerodynamic design of three -

dimensional wind tunnel inlets. Of particular concern was R class of

special purpose tunnels which can be used for smoke flow visualization.

Previous studies had shown the importance of the inlet design to the

successful use of smoke flow visualization techniques. These types of

tunnels typically require large contraction ratios (20-150) and very

short contractions to avoid dispersion of the smoke streaklines. This

combination of large contraction ratio and minimum inlet length

complicates the inlet design.

'.
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The numerical studies demonstrated both the potential and

limitations of both the source panel method and the finite difference

field solution methods as applied to the aerodynamic design of three

dimensional contractions. The ease with which complex three-dimensional

geometries can be defined is an asset of the source panel method. It

also appears well suited for use with indraft tunnel configurations

where the upstream conditions (air entering the inlet) are unknown.

There were difficulties encountered with the application of the uniform

source panel method related to "leakage" for internal flows. Such

problems have been encountered in the past and the use of either greater

paneling detail or a higher order panel could reduce this problem. The

finite difference field solution proved to be the more accurate for this

study. This did require the use of a fully conservative difference

scheme and a transformation in order to apply the boundary conditions on

the curved wind tunnel walls. There were difficulties associated with

' the upstream and downstream boundary conditions which limit the current

results to inlet geometries similar to closed circuit tunnels. The

leakage experienced with the panel method was significantly reduced but

the resulting computer code was not particularly economical from a

computational point of view and each of the "production runs" used for

the subsequent development of the design data required approximately 20

minutes of IBM 370 CPU time. There are techniques available which could

be used in future numerical studies to reduce some of the computational

times but even then, future parameter studies would require significant

computer resources. The greatest potential for an efficient but

accurate computational method for inlet aerodynamic performance
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predictions seems to lie with a combination of the surface singularity

approach such as a source or vortex panel and a finite difference field

solution. The panel method could be used to provide the inlet upstream

boundary conditions in the form of values of the potential field. This

* would provide the upstream conditions for the finite difference field

*solution within the inlet, test section and possibly diffuser. This

would allow for an accurate internal flow solution without the extreme

panel detail required for the internal flow problem, as well as allow

for the use with all types of tunnel configurations (i.e. indraft or

closed circuit). Such an approach may also allow for the inclusion of

the effect of the antiturbulence devices often placed at the entrance to

the inlet. This would be extremely beneficial not only in the inlet

design but also in the design of the turbulence management devices.

The experimental phases of the effort provided data on the

performance of a single high contraction ratio inlet design. Velocity

and pressure data were collected which allowed for the evaluation of the

numerical methods. The ability to visualize the flow within the inlet

provided insight into the three-dimensional character of the inlet flow

field. The study of this inlet also helped in the determination of

quantifiable inlet performance parameters which were subsequently used

*in the development of the inlet design data. The most important result

of this phase of the effort was the reinforcement of the fact which had

been noted in previous smoke tunnel studies that the design of the inlet

and the antiturbulence devices are not independent. They must be

SM complimentary. A poor or inadequate design of one component cannot be

- compensated for with the other and the interaction between the two

i.7
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components is quite complex. The screens (or honeycomb) effect the

velocity field and modify the turbulence. The inlet geometry obviously

effects the velocity field as well as modifies the levels and content of

the turbulence as the fluid passes through the inlet.

A set of preliminary design charts were developed using the finite

difference field solution method which can be used for the aerodynamic

design of high contraction ratio inlets in the range 10-40. The charts

were developed for a family of wall contours defined by matched cubic

polynomials. Although this represents only one of many possible wall

geometries the resulting design charts should prove usefu2 in basic

sizing considerations such as length, aspect ratio and regions of

maximum curvature. Associated with the development of the design charts

was the selection of a parameter which could be used to measure inlet

aerodynamic performance. These parameters are related to entrance and

exit plane uniformity and adverse wall pressure gradients. It is the

presence of the regions of adverse wall pressure gradients which brings

about separation and unsteadiness in the inlet flow field. An

approximate turbulent boundary layer separation prediction technique

based on Stratford's criteria was used to examine the possibility of

separation near the upstream end of the family of inlets studied.

Additional work is needed before definitive separation criteria can be

established. The design charts represent an attempt to provide a

rational approach to the inlet design problem but the authors wish to

stress that they are preliminary in nature. They represent the first

time that a procedure has been developed which should aid in the design

of true three-dimensional wind tunnel inlets. It is only through the
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application and verification of this design data that it can be fully

evaluated.

It is hoped that the work conducted during this project will

provide direction and motivation for additional studies in this

important area of aerodynamic design of wind tunnel facilities.
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